This study examines the global earthquake detection capability of the Global Centroid Moment Tensor (GCMT) catalogue during the periods immediately following large earthquakes, including intermediate-depth (70 ≤ depth < 300 km) and deep (300 km ≤ depth) events. We have already shown that the detection capability beyond an aftershock zone degrades remarkably and that this condition persists for several hours after the occurrence of large shallow (depth < 70 km) earthquakes. Because an intermediate-depth or deep earthquake occasionally generates seismic waves with significant amplitudes, it is necessary to investigate the change in the detection capability caused by such events. To this end, from the GCMT catalogue, we constructed the time sequences of the earthquakes that occurred immediately after the large earthquakes, and stacked these time sequences. To these stacked sequences, we then applied a statistical model representing the magnitude-frequency distribution of all observed earthquakes. This model has a parameter that characterizes the detection capability, and the temporal variation of the parameter is estimated by means of a Bayesian approach with a piecewise linear function. Consequently, we find that the global detection capability is lower after the occurrence of shallow earthquakes with magnitudes ≥ 5.45, intermediate-depth earthquakes with magnitudes ≥ 5.95, and deep earthquakes with magnitudes ≥ 6.95.
Introduction
Evaluating the detection capability of an earthquake catalogue is the first step of statistical seismicity analysis, and this has stimulated several studies on regional 1,2 and global 3 catalogues. In particular, it is important to closely examine the temporal homogeneity of a catalogue because, occasionally, we investigate temporal changes in the properties of seismic activity such as the b-value 4 or seismicity rate. 5 We may arrive at an incorrect conclusion in such studies if we fail to accurately evaluate the detection capability.
It is well known that a temporal change in detection capability accompanies the occurrence of a large earthquake. Often, events that occur in the period immediately after a large earthquake go undetected, and there are two reasons for this. First, when many aftershocks occur within a short time period, their seismic wave records overlap. Second, when a mainshock occurs, the corresponding large amplitudes in the wave data obscure subsequent earthquakes.
The second reason demands serious consideration with respect to the Global Centroid Moment Tensor (GCMT) catalogue, which is regarded to be the most reliable worldwide earthquake catalogue. A notable characteristic of the GCMT catalogue is that the focal parameters are determined by waveform inversion, 6, 7 and not by the phase arrival times. This characteristic contributes to its homogeneity in space and time, and therefore the GCMT catalogue is frequently used in research on global seismic activity.
However, this characteristic also result in a disadvantage. A large earthquake generates seismic waves, and they contaminate the wave records of subsequent earthquakes, thus disturbing the inversion procedure. Because the waves of a large earthquake can be detected on the opposite side of the globe from the epicenter, the capability of detecting not only aftershocks but also global earthquakes will degrade.
To quantify this degradation, Iwata 8 (hereafter referred to as IW2008) carried out an analysis based on a Bayesian approach and showed that the global detection capability of the GCMT catalogue degrades significantly after a large shallow earthquake. In this scenario, the period of lower capability lasts from a few hours to half a day after the occurrence of a shallow earthquake with a magnitude equal to or greater than 5.45. IW2008 8 investigated the reduced detection capability only during periods immediately following large shallow earthquakes because, in general, seismic waves produced by a shallow event have larger amplitudes than those produced by a deep one. 9 However, a great deep earthquake, such as the 1994 Bolivian earthquake, can excite waves with significant amplitudes and long duration; 10 therefore, we need to examine the possibility that a deep event may also lower the detection capability of a catalogue. Thus, the present study aims to carry forward the work of IW2008 8 by also considering the effects of intermediate-depth (70 ≤ depth < 300 km) and deep (300 km ≤ depth) earthquakes on the detection capability of catalogues in the period immediately following the large earthquakes.
Compiling earthquake sequences in the period immediately after large earthquakes
The global earthquake data used in this study were retrieved from the GCMT catalogue; the data span the period from January 1977 to December 2010. This catalogue provides seismic moment to express the size of an earthquake, and we converted the value of the moment M to the moment magnitude M w using the relationship given by Kanamori: 11 M w =2/3 · (log 10 M − 9.1).
(1) In this study, a large earthquake whose seismic waves obstruct the waveform inversion for subsequent earthquakes is referred to as an obstacle earthquake. Events whose M w and depth d within specific ranges were selected as possible obstacle earthquakes, and we con- structed time sequences of the earthquakes that occurred in the period immediately following each of the obstacle earthquakes. As mentioned above, the main interest of this study is the capability of detecting global earthquakes outside an aftershock zone. Therefore, in the construction of the sequences, we disregarded earthquakes located close to the obstacle earthquakes. Kagan 12 provided a formula that expresses the length L of the focal zone of an earthquake in terms of M w , as follows:
This equation holds for global shallow (d ≤ 70 km) earthquakes, and is similar to the formula given in another study. 13 In this study, 5L is considered to be the radius of the aftershock zone to ensure complete removal of aftershocks. In addition, the location uncertainty in the GCMT catalogue was taken into account. Engdahl et al. 14 and Kagan 15 reported that the average location uncertainty is roughly 40 km, with a standard deviation of approximately 20 km. Therefore, in each of the sequences, we excluded earthquakes occurring within 5L+60 km of the obstacle earthquake.
Next, by shifting each of the obstacle earthquakes to time zero, we stacked the constructed sequences. We considered four magnitude ranges of the obstacle earthquakes: 5.45 ≤ M w < 5.95, 5.95 ≤ M w <6.45, 6.45 ≤ M w < 6.95, and 6.95 ≤ M w . In ordinary cases, the magnitude is rounded off to the first decimal place, and hence the four magnitude ranges are essentially the same as those of 5.5 ≤ M w < 6.0, 6.0 ≤ M w < 6.5, and so on. Three ranges of depths were also considered: d < 70 km (shallow), 70 ≤ d < 300 km (intermediate-depth), and 300 km ≤ d (deep). Therefore, all of the obstacle earthquakes were categorized into 12 groups, depending on the magnitude and depth, and stacked sequences were constructed for each of the groups. Figure 1 shows the magnitude-time histories for earthquakes in the 12 sequences. In several cases, we find clear defects of relatively small earthquakes close to time zero (i.e. the occurrences of the obstacle earthquakes) providing explicit evidence of the decrease in detection capability. One point to note with regard to this figure is that the defects are observed after not only the shallow obstacle earthquakes but also the intermediate-depth and deep earthquakes, suggesting that the occurrence of an intermediate-depth or deep earthquake lowers the detection capability.
Statistical evaluation of the capability of detecting earthquakes
For a quantitative evaluation of the capability of detecting earthquakes, this study used a probability density function f(M) of a magnitude-frequency distribution of all the observed earthquakes; the probability density function was introduced by Ogata and Katsura. 16 The function f(M) is represented by a product of two probability density functions. The first function is an exponential distribution:
This distribution is equivalent to the Gutenberg-Richter (GR) law 17 which is the most widely accepted model of the magnitudefrequency distribution of earthquakes, and the parameter β is related to the b-value of the GR law by the relationship β=b ln 10. The second is the detection rate of earthquakes q(M), the percentage of earthquakes actually detected at magnitude M by a seismic network. As a plausible function for the detection rate, the cumulative distribution function of a normal distribution (4) has been already suggested and used in several studies, 3, 16, 18 and the present study follows these studies.
Normalizing w(M)q(M) provides the target probability density function as follows: (5) The likelihood function of the parameters, which measures the goodness-of-fit of the above model, is given by (6) where M i denotes the magnitude of the ith earthquake and N is the number of analyzed earthquakes. Figure 2 shows that this statistical model fits well with the magnitude distribution of all the shallow earthquakes compiled in the GCMT catalogue (see also Figure 1 of IW2008 8 ). In this figure, the model curve was drawn using the estimated parameters obtained through the maximization of the loglikelihood function L(β, σ, μ) (i.e. the maximum likelihood method).
According to Equation 4 , μ denotes the magnitude at which 50% of all earthquakes are expected to be detected; a higher value of μ implies lower detection capability. In the eval- uation of the detection capability, μ is the most fundamental among the three parameters and, therefore, the present study examines the temporal variation in μ after the occurrence of obstacle earthquakes.
Article
The temporal variation in μ was estimated through a Bayesian method used in IW2008 8 . The temporal variation is represented by a piecewise linear function or linear spline, 19 and we optimized the variation with a smoothness constraint so that it does fit the data. The details are shown in the Appendix and IW2008. 8 The significance of the temporal variation is measured by a comparison of the Akaike Bayesian Information Criterion 20 (ABIC); the smaller the ABIC value, the better the model fits the data. Note that in the model where we do not allow μ to vary with time, the Bayesian approach essentially agrees with the maximum likelihood method and ABIC should be referred to as the Akaike Information Criterion 21 (AIC) as per convention. However, for simplicity, both ABIC and AIC are uniformly written as ABIC in this manuscript (see Appendix for the equivalence of ABIC and AIC). Figure 3 shows the estimated temporal variations in μ for the 12 datasets. Among these 12 cases, 8 show an increase in μ value immediately after the occurrence of the obstacle earthquakes. A comparison of ABIC values confirms this. Table 1 lists the ABIC values of the models without temporal variation in μ minus those of the models with variation; a positive value indicates that the model with variation fits the data better than the one without variation. As seen in this table, the 8 cases in which temporal variation in μ was found in Figure 3 show positive values.
Results and Discussion
To summarize Figure 3 and Table 1 , the detection capability is seen to decrease after the occurrence of shallow earthquakes with M w ≥ 5.45, intermediate-depth earthquakes with M w ≥ 5.95, and deep earthquakes with M w ≥ 6.95; the lower limit of the magnitude range increases with the depth of the obstacle earthquakes. This is consistent with theoretical expectation: according to seismic wave theory, 9 surface waves are dominant at great distances and the amplitudes of the waves generally decrease as the source depth is deeper.
From the estimated variation in μ, P (M th ), we computed the probability of undetected earthquakes with magnitudes equal to or greater than M th :
(7) Figure 4 shows the temporal change in the probability for M th = 5.45, 5.75, and 5.95.
Kagan 15 reported that the magnitude completeness threshold in the GCMT catalogue is between 5.2 and 5.8. Even when we make the most conservative choice from the above range of the completeness threshold, some earthquakes are not detected, with a probability of a few percent to a few tens of percent, over a period of several hours after a large (M w ≥ 6.95), shallow, or intermediate-depth earthquake.
The probability of an undetected earthquake is significant immediately after the occurrence of a large earthquake. However, as already discussed in IW2008, 8 the average of the probability over 10 or 100 days is very small; the transient low detection capability of global earthquakes will not materially affect a study on mid-or long-term seismicity.
In a similar manner to that described previously, we constructed stacked sequences of earthquakes recorded in the Preliminary Determination of Epicenters (PDE) Bulletin that occurred in the period immediately follow- ing the obstacle earthquakes retrieved from the GCMT catalogue. Figure 5 shows magnitude-time plots for the PDE catalogue drawn using the official magnitude of the catalogue (details available from: http://earthquake.usgs. gov/earthquakes/eqarchives/epic/codemagnitude.php). In contrast to Figure 1 , we do not find any remarkable defects of small earthquakes around time zero. The earthquake parameters in the PDE catalogue are determined by phase picking, and not waveform inversion; thus, the contamination of seismic waves does not seriously affect the recorded data beyond the aftershock zone. The combined use of the PDE catalogue, or another catalogue based on phase arrival times and the GCMT catalogue would be beneficial in an analysis of short-term seismicity as it may prevent an unexpected bias in the result.
Article
One might point out that, to compare the capabilities of the GCMT and PDE catalogues quantitatively, we should apply the statistical model described in this study also to the PDE catalogue. As seen in Figure 6 , however, the magnitude-frequency distribution of all the shallow earthquakes listed in the PDE catalogue during the period from January 1977 to December 2010 has a complex feature, and the statistical model described by Equation 5 is inapplicable; another approach must be established to examine the detection capability of the PDE catalogue. 
